SUMMARY: Sixty-seven cultures of plant pathogenic bacteria, of the genera Agrobacterium, Corynebacterium, ETLeYinia, Pseudomas and Xanthomonas, and 56 cultures of non-pathogenic bacteria were tested for production of pectic enzymes in culture. y-Pectinglycosidase was produced by 22 strains of pathogenic bacteria and by 15 non-pathogens. Pectin methyl esterase was produced by a few pathogens: the soft-rot erwinias, X . campestris and one of three strains of X . vasculorum.
Bacteria of several genera are known to degrade pectic materials and, in fact, this ability can be used to distinguish Erwinia carotovora from the very similar non-phytopathogenic species Klebsiella mrogenes. There is, however, very little knowledge of the enzymic processes involved, of how the bacterial enzymes differ from similar plant or fungal enzymes or of the differences between the enzyme systems of pathogenic and non-pathogenic species. Some of the latter degrade pectin with great rapidity and yet are unable to cause a softrot of the living plant.
These questions should be resolved for a proper understanding of the disease processes and for the possible development of protective measures based on prevention of pectin breakdown, With this in mind bacteria of several genera have been tested for ability to produce pectic enzymes in vitro. The procedures used were designed to give some indication of the character of any pectic enzyme which might be observed.
Pectolytic activity in fungi, which have been studied more extensively than bacteria, has generally been found to depend upon a complex of enzymes which may include pectin methyl esterase (PME) and one or more of a group of glycosidases. The classification and nomenclature of the latter are somewhat confused: many can be fitted into the scheme outlined in Table 1 , but this scheme should be regarded as illustrative rather than definitive until further work, with standardized methods, shows which characteristics are intrinsic to the various groups. The testing procedure adopted was planned on the framework of Table 1 . Schubert's (1954) term pectin glycosidase (PG) is preferred.
W . K . Smith
with appropriate additions of Ca++ and NaCl (see Table 2 ) were used. It was hoped that this range would also reveal any other pectic enzymes that might be produced, but, as a further test for unsuspected enzymes, destruction of the pectin in the culture was tested by the nature of the precipitate formed on adding ethanol. Of the many possible methods of detecting pectolysis of the various substrates, loss of viscosity was chosen because (a) it is the most sensitive indicator of degradation of the pectic material, (b) it probably reflects the changes significant in soft rotting, ( c ) it can be measured easily and rapidly provided high accuracy is not required. To minimize the effects of substances other than pectic enzymes on the viscosity of the substrates the proportion of culture added was kept low (0-6 ml. + 7.4 ml. substrate). This made an incubation period of 24 hr. necessary and an antiseptic had to be added to prevent microbial growth. Preliminary tests showed that phenol did not affect viscosity diminution by enzymes from Erzuinia carotovora and 0-2 yo (w/v) was incorporated in the substrates. When required, subcultures from the egg-salt slopes were grown on slopes of nutrient agar for about 5 days and then transferred to tubes of IM 1 medium (see below) for 2 days before inoculating the flasks of SM 1 medium (see below) in which they were grown for the enzyme tests.
Media. IM1 medium; Tryptone (Difco), 0.4 yo; yeast extract (Difco), 0.01 yo, glucose, 0.1 %.
SM 1 medium-solution A; Brown Ribbon pectin,* 5 g. ; glucose, 0.5 g. ; in 500 ml. water a t pH 6.5-7-0. Solution B: Tryptone, 5 g; yeast extract, 2.5 g.; (NH,),HPO,, 2-5 g.; L-asparagin (monohydrate), 1.0 g. ; Na,HPO,, 0.05 g., K2HP0,, 0.05 g. The asparagin was dissolved separately and added to the other components dissolved in c. 1.5 1. of water. After the pH value had been adjusted to 6.5-7.0 the volume was made up to 2 1. Solution A, in 25 ml. amounts and solution B, in 100 ml. amounts, were autoclaved separately and mixed when cool, Pectic substrates. For pectin methyl esterase test : Brown Ribbon pectin, 0.5 g.; phenol, 0.2 g.; NaC1, 0.58 g.; bromthymol blue solution (British Drug Houses Ltd., Poole, Dorset) 2.5 ml.; water, to 100 ml. Before use the colour of the indicator was adjusted to green by addition of N-NaOH. For viscosimetric tests: pectic acid was prepared from Brown Ribbon pectin by the method of Jermyn & Tomkins (1950). Stock 1 Yo (w/v) solutions of pectin and pectic acid were used to prepare the substrates summarized in Table 2 .
Preparation of culture solutions for testing. Conical flasks (250 ml.) containing medium S M l (125 ml.) were inoculated with 1 ml. of 48 hr. cultures in medium IM1 and incubated statically at 25O. At approximately weekly intervals samples were withdrawn and centrifuged a t 1200 g for 15 min.
Tests on culture supernatant Jluids
pH values were measured by glass electrode.
Ethanol precipitation. Absolute ethanol (2 ml.) was added to 1 ml. of culture supernatant fluid, shaken and centrifuged ; the sediment was compared with that from an uninoculated control and graded arbitrarily.
Pectin methyl esterase. A sample (0.6 ml.) of centrifuged culture was pipetted into each of two test tubes. One was immersed in a boiling-water bath for 10 min. to inactivate the enzyme. Substrate (7-4 ml.) was added to each tube followed by dilute NaOH until the indicator was blue. The tubes were * 'Brown Ribbon' pectin is a pharmaceutical grade pectin with 12.5% methoxyl (on weight of pectin) obtained from Union Crystalex Gelatine Ltd., Garrett Street, Golden Lane, London, E.C. 1. with a delivery tube of 1-6-1.7 mm. internal diameter. In any set of readings a separate pipette was used for each substrate; after a measurement it was rinsed with boiling distilled water, drained and placed on an air line while readings were taken on the other five substrates, by which time it was sufficiently cool and dry to use again. Generally loss of viscosity was obvious, being practically complete with the more active cultures. Pectin glycosidase activity was only considered to be present when the decrease of viscosity was greater than 10 yo of the maximum possible. Table 6 
RESULTS

DISCUSSION
The occurrence of pectin glycosidase in the bacterial species studied in this investigation is more or less in accord with previous reports. More striking is the restricted distribution of pectin methyl esterase. Turning first to pectin glycosidase and the various genera in which it was found, it should be noted that the pectolytic activity was of the y P G type; i.e. destruction of viscosity was more rapid a t pH 7.5 than at pH 5.5 or 3.5 and both pectin and pectic acid were attacked. In a few instances the activities at pH 5-5 were sufficiently high to suggest that a-PG might also be present but this always accompanied very high activity a t pH 7.5. The present evidence is insufficient to state definitely whether a-PG was or was not present in these cases. It is worth noting that Kraght & Starr (1953) found that an 38 W . K . Smith enzyme from Eminia carotovora had an optimum pH of about 5-8 for the liberation of reducing groups from pectic acid, whilst Ozawa (1947) found an optimum of 5-5-6.0 for the 'protopectinase' of E . aroideae. Most of the cultures in which the presence of a-PG was suspected in this investigation were of the soft-rot erwinias.
Bacillus species. All three species tested, and found to produce P G havc been reported to be active against pectic materials (Allen, 1944 Rudd Jones, 1946) , although some of these authors used gel liquefaction techniques which did not give unequivocal evidence of enzyme production or indicate the properties of any enzyme concerned. Ozawa Pseudomonas species. The chief characteristic of pectic enzyme production in Pseudomonas seems to be its variability: the three positive species P. marginalis, P. phaseolicola, P. syringae each included inactive strains. The results of Oxford (1944) also suggest variation between strains of Pseudomonas spp. particularly when it is noted that Mills (1949) found PME (and so, probably, PG) to be produced by P. prunicola, which Oxford reported as not pectolytic (2 strains) and which also gave negative results in the present investigation, as did P. tabaci which Oxford and Sabet & Dowson (1951) found to be pectolytic. None of the saprophytes tested by Oxford were pectolytic but two of the strains used in the present investigation produced PG. This variability may be inherent in the species tested or some strains may have lost the faculty during laboratory cultivation ; before accepting pectolytic ability as a diagnostic feature in this genus it would be necessary to make certain that the former was not the case and to prevent the latter as far as possible.
Xanthomonas species. Although this genus does not, apparently, possess pectolytic activity as a general attribute, it includes the only species, outside the soft-rot erwinias, found to produce pectin methyl esterase, viz. all three strains of Xanthomonas campestris and one strain of X . vasculorum. These two species and X . papavericola, the other producer of PG, are related serologically while the remaining species tested fall into other serological groups (Elrod & Braun, 1947) . According to Sabet & Dowson (1951) X . begoniae and X . malvacearum (both negative in this investigation) caused ' slight, thick liquefaction' of their pectate gel medium, but this cannot be regarded as definite evidence of the production of pectic enzymes; X . citri (not tested here) and X . campestris (PG + , PME + ) caused ' moderate liquefaction and clear liquid '. Shishelova (1951) found that X . campestris produced ' protopectinase ' in vitro and in vivo; two other species, X . phaseoli and X . translucens produced it only in infected plants.
Agrobacterium and Corynebacterium species. No evidence of pectic enzyme production was found in these two genera, although Sabet & Dowson (1951) reported ' slight to moderate liquefaction ' for Agrobacterium tumefaciens. Elrod, 1942; Taylor, 1951) . Taylor found that of 19 soft-rot bacteria akin to Erwinia carotovora, 17 liquefied pectate gel whilst none of some 300 other coli-aerogenes bacteria did so. So far, however, the enzymes involved in gel liquefaction have not been identified or the possibility of non-enzymic softening excluded. Some caution is therefore necessary in applying this as a diagnostic test, although the method is undoubtedly valuable for isolating or enumerating potentially pectolytic organisms (Wieringa, 1949; Elis Jones, 1956) . It is noteworthy that all six PG-producing coliform organisms were isolated from soil or water and that 5 of them were of the aerogenes-cloacae type most closely related to E . carotovora.
Pectin methyl esterase was more restricted in its distribution than pectin glycosidase and was never found in the absence of the glycosidase. Although Pseudomonas prunicola showed neither PG nor PME in this investigation Mills (1949) found it to be an active producer of the esterase when grown in the presence of pectic material. Fabian & Johnson (1938) claimed to have demonStrated that members of the Bacillus msentericus-mgateriurn group produced pectase (=PME) and protopectinase but not pectinase (=PG) but gave no experimental details of their methods or results. Kraght & Starr (1953) showed production of PME by five strains of Erwinia carotovora, but Wood (1955) concluded that his culture of E. aroideae was essentially free from PME. During the present investigation it has been observed that formation of PME is much more sensitive to variations in the cultural conditions than is PG formation. The fact that Wood used a simple medium containing no pectic material probably explains the absence of PME from his culture solutions. Whilst the study of an individual enzyme is facilitated by the use of a medium selective for its production the whole pectolytic complex must be kept in view when the disease processes are being considered. Nutrient conditions in the infection count are far from simple and pectic substances are almost certainly present in forms which will induce adaptive enzyme formation. Production of PME seems likely and its role in soft-rotting is discussed in an accompanying paper (Smith, 1958) .
In summary it can be said that a number of saprophytic bacteria as well as some plant pathogenic species produce enzymes which degrade pectic substances but production of PME is confined to a small number of pathogens. These are the soft-rot Erwinia spp. and Xanthomonas campestris, in each of which it might well be a diagnostic feature, and X . vascuZorum, where the faculty is less constant .
